Abstract
The p-value is then corrected for multiple hypothesis testing using the Bonferroni method 2 1 2 by multiplying the p-value by the number of GO terms tested (setting resulting values over 1 to 2 1 3 1). The number of GO terms tested equals the number of GO terms found (and all ancestors) for 2 1 4 the submitted set of proteins.
1 5
Complete directed acyclic graphs (DAG) that represent a subset of the whole GO DAG 2 1 6 were generated to visualize enriched biological processes. These DAGs were then filtered by 2 1 7 removing all childless terms that had an associated p-value ⋝ 0.01. The resulting DAGs were 2 1 8 then filtered using the same method, and this process repeated until no childless terms remained 2 1 9 with a p-value above the cutoff. The final result is a filtered subset of the GO DAG that contains 2 2 0 no leaf nodes with a p-value greater than the cutoff, but where a given term is guaranteed to have 2 2 1 all of its ancestor terms, even if those terms have a p-value greater than the cutoff. Having the 2 2 2 ancestor terms present is critical to visualization as they provide context for interpreting the 2 2 3 results. Proteins that contribute to specific enriched processes for all enrichment analyses are 2 2 4 included in Supporting Information 5 and visualizations of enrichments for full and unique 2 2 5 proteomes for each sex and stage are visualized in a single DAG for each sex and stage 2 2 6 (Supporting Information 6). Venn diagrams of enriched processes were produced in Data independent acquisition (DIA) was used to generate spectral libraries for biomarker 2 3 5 development in the gonad tissue (Figure 1 ). Equal amounts of isolated peptides from the three 2 3 6 biological replicates for EM, EF, LM, and LF used in the DDA experiment (described above) 2 3 7
were pooled in equal quantities for DIA on the Q-Exactive HF (Thermo). Each sample included 2 3 8 a spiked-in internal quality control peptide standard (375 fmol PRTC + BSA; Pierce, hereafter 2 3 9 referred to as "QC"). Sample injections for all DIA experiments included protein (1 µg) plus the 2 4 0 QC (50 fmol) in a 2 µl injection. An analytical column (27cm) packed with C18 beads (3 µm; 2 4 1 Dr. Maisch) and a trap (3 cm) with C12 beads (3 µm; Dr. Maisch) were used for 2 4 2 chromatography. Technical replicate DIA spectra were collected in 4 m/z isolation width 2 4 3 windows spanning 125 m/z ranges each 24 (400-525, 525-650, 650-775, 775-900 26 . Input files included the list of peptides 2 4 9 generated for SRM (n=212), as described above, and the mzML files generated from the raw 2 5 0 DIA files. PECAN correlates a list of peptide sequences with the acquired DIA spectra to locate 2 5 1 the peptide-specific spectra within the acquired DIA dataset. A background proteome of the in 2 5 2 silico digested geoduck gonad proteome was used.
5 3
The PECAN output file (.blib) was imported into Skyline to select peptide transitions and 2 5 4 create MS methods that would target specific peptides and transitions. Peptide transitions are the 2 5 5 reproducible fragments of peptides that are generated during the MS2 scan. Peptides reliably 2 5 6 fragment in the same way in the mass spectrometer, therefore transitions are a robust and 2 5 7 consistent signal of a peptide's presence. 27 Peptide transitions were selected if peak morphology 2 5 8 was uniform and consistent across the MS2 scans for technical replicates. Peptides were selected 2 5 9
for targeted analysis if they had > 3 good quality transitions and there were > 2 peptides per 2 6 0 protein. A maximum of 4 transitions per peptide were selected for targeted analysis and no more 2 6 1 than 3 peptides per protein were selected. The final list included 25 transitions for EM 2 6 2 biomarkers, 22 for EF, 133 for LM, and 52 for LF. This transition list was divided between two 2 6 3 method files for the final SRM analyses to provide adequate dwell time on individual transitions 2 6 4 to accurately detect and measure all peptides desired. Unique proteomic profiles include the set of proteins that were detected in a specified sex 3 2 3 or specific stage within sex in the DDA analysis. The female proteomic profile across all stages 3 2 4 contained 305 unique proteins whereas 522 proteins were unique to males. The number of 3 2 5 proteins unique to a specific maturation stage increased with maturity from 24 and 20 in early-3 2 6 stage females and males, respectively, to 161 and 145 in late-stage females and males ( Figure 3) . 3 2 7
These unique proteomes were used to develop the downstream SRM assays. Enriched GO 3 2 8 biological processes for the unique proteins and all detected proteins for each sex and stage are 3 2 9 summarized in Table 1 . Only the most specific GO terms (i.e., farthest down on the DAG) are 3 3 0 listed; parent terms were frequently enriched as well and can be seen in the DAGs (Supporting 3 3 1 Information 6). Proteomics has the capacity to uncover physiological processes underlying functional 4 2 8 phenotypic change, including the maturation of reproductive tissue. We have characterized the 4 2 9 geoduck clam gonad proteome throughout reproductive maturation for both males and females. 4 3 0
Our data dependent analysis (DDA) approach yielded 3,627 detected proteins across both sexes 4 3 1 and three maturation stages. This is a significant escalation in the understanding of proteomic 4 3 2 responses in maturation stages of marine mollusks. Based on the DDA data, 27 proteins (with a 4 3 3 corresponding 85 peptides) from early-and late-stage male and female clams were chosen for 4 3 4 selected reaction monitoring (SRM). Peptide transitions were detected from the selected peptides 4 3 5 as candidates for biomarker development in gonad (n=212) and in hemolymph (n=171). importance of glycogen metabolism during bivalve reproductive maturation 37, 9 and 4 6 2 carbohydrate metabolism during vertebrate oocyte maturation 38,39 , however, a more complex 4 6 3 overview of gonad carbohydrate metabolism is revealed in the proteomic data. The proteins 4 6 4 contributing to the enrichment of carbohydrate metabolism processes in mid-stage females are 4 6 5 involved in glycan metabolism (2 enzymes), glycolysis (3 enzymes), gluconeogenesis (2 4 6 6 enzymes), and the pentose phosphate pathway (2 enzymes). These enzymes were detected in the 4 6 7 geoduck gonad, but were not differentially abundant. Carbohydrate metabolism is important in 4 6 8 invertebrate oocytes up through fertilization, when there is a rapid upregulation of glycolysis. The late-stage female gonad proteome was enriched in proteins associated with cell 4 7 0 adhesion and DNA replication. Cell adhesion is an essential biological process in maturing 4 7 1 oocytes in vertebrates. 41, 42 The strong cell adhesion signal in late-stage females was driven in 4 7 2 large part by the many cadherin and protocadherin proteins detected in a single female. However, 4 7 3 seven protocadherins were detected at significantly higher abundance in more than a single late-4 7 4 stage female -compared to early-and mid-stages. Further, laminin, talin, and vinculin were less 4 7 5 abundant in late-stage females compared to other females. Evidence for the importance of DNA 4 7 6 replication was more consistent. Proteins with homology to DNA helicase, DNA ligase, 4 7 7 proliferating cell nuclear antigen, and ribonucleoside-diphosphate reductase were all more 4 7 8 abundant in late-stage compared to early-or mid-stage females. This surge in DNA replication-4 7 9 associated proteins is likely a reflection of an increase of meiosis and mitosis. and their importance at this maturation stage suggests the presence of rapidly dividing cells. In 4 8 6 mussels off the Atlantic coast of Spain, meiotic division begins approximately four months 4 8 7 before the onset of spawning, while mitosis reconstructs the gonad during and after spawning. Even with a highly specific protein identification database, the DDA method excludes 4 9 1 many important, relatively low abundance proteins from analysis. 44 The ten most abundant 4 9 2 proteins (as measured by total spectral count) for each sex-maturation stage accounted for 14-4 9 3 26% of the total spectral counts across all proteins for a given sex-stage. Many of these proteins 4 9 4 are "housekeeping" proteins, such as actin and myosin, and their dominance in the peptide 4 9 5 mixture was likely masking many informative, low abundance peptides. Similarly, in zebrafish, 4 9 6 highly abundant vitellogenin (also highly abundant in the mid-and late-stage females in this 4 9 7 study) made it difficult to detect lower abundance proteins using DDA. repeat protein 18). The 29 transitions were almost uniformly at higher abundance in males than 5 1 8
